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Sequential SNARE Assembly Underlies Priming and
Triggering of Exocytosis
convert the trans complex (in which VAMP and syntaxin
reside in opposing membranes) into a highly stable cis
complex (with all proteins in the same membrane), which
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must then be dissociated by NSF and a-SNAP prior toDepartment of Molecular and Cellular Physiology
the next round of fusion (Mayer et al., 1996). ExperimentsStanford University School of Medicine
using synthetic liposomes, chromaffin cells, and perme-Stanford, California 94305
abilized PC12 cells all support the notion that SNARE-
complex formation is a late step in the docking/fusion
process and perhaps drives membrane fusion (WeberSummary
et al., 1998; Xu et al., 1999a; Chen et al., 1999).
Despite these recent advances, little is known aboutChanges in SNARE conformations during MgATP-
how SNARE assembly occurs in the cell. In vitro, all threedependent priming of cracked PC12 cells were probed
SNARE proteins interact with each other, as assayed byby their altered accessibility to various inhibitors.
GST pull-down experiments using purified recombinantDominant negative soluble syntaxin and, to a much
proteins lacking transmembrane domains (Pevsner etlesser extent, VAMP coil domains inhibited exocytosis
al., 1994; Hayashi et al., 1994; Chapman et al., 1994).more efficiently after priming. Neurotoxins and an anti-
The apparent affinities between syntaxin and SNAP25,SNAP25 antibody inhibited exocytosis less effectively
between SNAP25 and VAMP, and between syntaxin andafter priming. We propose that SNAREs partially and
VAMP were reported to be z0.4 mM, z1–1.4 mM, andreversibly assemble during priming, and that the syn-
.12 mM, respectively (Pevsner et al., 1994), and cooper-taxin H3 domain is prevented from fully joining the
ative binding greatly enhances affinities within the ter-complex until the arrival of the Ca21 trigger. Further-
nary complex. NMR and CD studies of SNAREs in vitromore, we find that mutation of hydrophobic residues of
suggest that partially structured syntaxin may initiatethe SNAP25 C-terminal coil that contribute to SNARE
SNARE-complex formation, and that syntaxin andcore interactions affects the maximal rate of exo-
SNAP25 interact to form a binary complex prior to thecytosis, while mutation of charged residues on the
binding of VAMP to form the ternary complex (Fiebig etsurface of the complex affects the apparent affinity of
al., 1999; Nicholson et al., 1998). This idea is supportedthe coil domain for the partially assembled complex.
by the partial colocalization of syntaxin and SNAP25
at the plasma membrane. Since the binary syntaxin-
Introduction SNAP25 complex is likely to contain two syntaxin H3
domains (Fasshauer et al., 1997), at least partial disas-
The release of neurotransmitters relies upon the fusion sembly may be required so that VAMP can join the com-
of vesicles with the plasma membrane. Many proteins plex from the vesicle.
have been identified as essential to this process, includ- Capacitance measurements of chromaffin cell exo-
ing three SNARE (soluble NSF attachment receptor) pro- cytosis have recently defined kinetically distinct vesicle
teins: the v- or R-SNARE VAMP2 (vesicle-associated pools proposed to harbor SNARE complexes of different
membrane protein, also known as synaptobrevin), and conformations (Xu et al., 1999a). This suggested that
the plasma membrane t- or Q-SNAREs syntaxin 1 and SNARE complexes exist in a dynamic equilibrium be-
SNAP25. Virtually all intracellular membrane fusion events tween a loose and a tight state, and that the formation
involve homologs of these three proteins, underscoring of the tight SNARE complex leads very rapidly to mem-
their importance to the membrane trafficking process. brane merger, with a time constant of 30 ms. Moreover,
These three SNAREs form a highly thermostable ter- in crayfish neurons, the N-terminal domain of VAMP
nary complex, which consists of a coiled-coil bundle of appears to be shielded in a protein complex, while its
four a-helices (one coil from each of syntaxin [termed C-terminal domain is exposed prior to nerve activity
the H3 domain] and VAMP and two from SNAP25). The (Hua and Charlton, 1999), implicating the existence of
four helices are parallel to each other with respect to a half-zippered complex. If such a half-zippered, or
their N and C termini, orientating the transmembrane loosely assembled SNARE complex does exist, it is not
domains of VAMP and syntaxin at the same end of the known how it is prevented from fully zippering before
bundle (Sutton et al., 1998). This led to the hypothesis the Ca21 trigger.
that the complex might “zipper” up from the N terminus In vitro biochemical methods are not likely to repro-
toward the C-terminal transmembrane end, bringing the duce the cellular SNARE complex assembly process
hydrated and electrostatically repulsive membranes to- due to the absence of a variety of proteins, many of
which may interact directly with SNAREs. Thus, it is notgether and, perhaps, also driving the process of lipid
clear if the conclusions derived from in vitro studies ofmixing to mediate the fusion event itself (Hanson et
SNARE assembly are relevant in vivo. Here we investi-al., 1997; Lin and Scheller, 1997). This transition would
gate the sequence of events leading to functional
SNARE-complex formation in cracked PC12 cells, using* To whom correspondence should be addressed at the following
an exocytic fusion assay. We first probed the state of thepresent address: Genentech Incorporated, 1 DNA Way, South San
endogenous SNAREs with various specific inhibitors.Francisco, California 94080-4990 (e-mail: scheller@gene.com).
† These authors contributed equally to this work. Since norepinephrine release from PC12 cells can be
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separated into two sequential stages, a MgATP-depen-
dent priming step and a Ca21-dependent triggering step
(Hay and Martin, 1992), we examined whether the cells’
sensitivity to inhibitors changes after priming. We then
examined the kinetics of norepinephrine release while
varying the concentration of one of the four coils of the
helical bundle, taking advantage of our capability to
rescue BoNT/E-inhibited 3H-norepinephrine exocytosis
by addition of a recombinant 65 aa SNAP25 C-terminal
coil (S25C; Chen et al., 1999). The ability to introduce
mutations and accurately control the concentration of
the required SNAP25 coil permitted kinetic analysis of
the SNARE-mediated fusion reaction, thus providing fur-
ther insight into the mechanism of SNARE-complex as-
sembly inside cells.
Results
SNARE Coil Domains Inhibit Exocytosis More
Effectively after Priming
We previously showed that soluble syntaxin 1a H3 coil
domain (abbreviated as H3; aa 191–266) and the VAMP2
coil domain (abbreviated as V2; aa 25–94) inhibit [3H]-
norepinephrine (NE) release from cracked PC12 cells
(Zhong et al., 1997; Scales et al., 2000). As they inhibit
exocytosis by forming nonfunctional SNARE complexes
with endogenous SNAREs in a specific manner (Scales
et al., 2000), we used them as probes to monitor the
state of endogenous SNAREs before and after priming Figure 1. The Syntaxin 1a H3 Coil Domain Inhibits Exocytosis More
the cells with MgATP. Efficiently in Primed Than Unprimed Cells
Figure 1A illustrates the method used for these experi- (A) Schematic of the experimental design. Cracked PC12 cells were
ments. Cracked PC12 cells were either left on ice in the either left in basal KGlu/BSA buffer on ice (unprimed), or incubated
in KGlu/BSA buffer with 2 mM MgATP and z0.7 mg/ml cytosol atbasal buffer (unprimed), or were primed by incubation
308C for 15 min (primed). The cells were then washed twice at 48Cin MgATP and rat brain cytosol-containing buffer for 15
and incubated with inhibitors at 308C for 5 min. Finally, stimulationmin at 308C. Increasing concentrations of inhibitors were
buffer containing MgATP, cytosol, and Ca21 was added to trigger
then incubated with each set of cells (after washing, so exocytosis in a 15 min incubation at 308C. Release of [3H]NE in the
no MgATP or cytosol was present) for 5 min at 308C to absence of inhibitor was set to 100% and the background release
allow for inhibitor binding. No MgATP was present in in the absence of any inhibitor, MgATP, cytosol, or Ca21, was set
to 0%. All other data points were normalized according to the 0%this incubation so that the unprimed cells remained as
and 100% of release from primed or unprimed cells as appropriate,such. However, some depriming of primed cells proba-
and plotted as % of maximum (see Experimental Procedures).bly occurs during this 5 min incubation, since these
(B) Comparison of H3 and VAMP2 inhibition in unprimed (UP) versus
reactions are reversible (Hay and Martin, 1992). How- primed (P) cells. The indicated concentrations of syntaxin H3 domain
ever, as inhibitor binding likely occurs at a similar rate or VAMP2 coil domain were added to unprimed and primed cells
to the depriming reaction, we expect this experimental to inhibit exocytosis as outlined in (A). H3 inhibits significantly better
than VAMP2 after priming compared to before priming. The meansetup to reveal differential states of SNARE assembly
and S.E. (standard error) of 12 data points from four independentdue to priming. After the preincubation, the cells were
triplicate experiments are shown. The difference in H3 inhibitionstimulated to release [3H]NE by the addition of MgATP,
between primed and unprimed cells is statistically significant be-
cytosol, and Ca21 and incubating at 308C for 15 min. It yond the 0.001 level at all concentrations except 70 mM (paired
was necessary to add ATP to the final reaction, because t test with 11 degrees freedom). The difference in VAMP2 inhibition
otherwise the unprimed cells would release little above between primed and unprimed cells is also statistically significant,
though at a lower confidence level (p , 0.001 for only 13 and 22 mM;background leakage, making it impossible to assess the
p , 0.01 at 7 and 70 mM; p , 0.05 at 40 mM; not significant at 3 mM).effects of the inhibitors. Because the only difference
In this experiment, 0% (minimum) was 14.49% 6 1.31% (S.E.) ofbetween the reactions is the prior priming step, any re-
total [3H]NE released, and 100% (maximum) was 62.20% 6 2.29%
sulting differences in exocytosis inhibition must clearly of total [3H]NE released from unprimed cells, compared to 13.49% 6
be attributed to this treatment. 0.98% and 71.75% 6 1.30%, respectively.
Both primed and unprimed cells typically release (C) The cells were unprimed, or primed for 0 min (on ice), or 1, 3,
or 15 min at 308C. The indicated concentrations of H3 were added60%–70% of the total [3H]NE during 15 min of stimula-
to inhibit exocytosis.tion, with primed cells releasing z5%–10% more [3H]NE.
The time course of NE release shows that unprimed
cells release relatively little during the first 2 min of trig-
gering but then accelerate exocytosis, reaching a similar If SNARE complexes in cells assemble as they appear
to in vitro (Fiebig et al., 1999), one would predict that alevel to primed cells with time (data not shown; Hay and
Martin, 1992). binary complex of syntaxin and SNAP25 might assemble
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during priming, followed by addition of VAMP in the achieved by H3 alone and essentially reversed it back
triggering step. The binary complex could be either a to its original level in unprimed cells (Figure 2B, compare
three-helical complex containing one H3 coil, SNAP25 “H3 1 40 mM S25, P” with “H3, P”, and “H3, UP”). Identi-
N- and C-coils; or a four-helical complex of two H3 coils cal curves of H3 inhibition in unprimed cells (H3, UP)
and SNAP25 N and C coils (Fasshauer et al., 1997). In and in primed cells (H3, P) are shown in Figures 2A and
the latter case, VAMP has to replace one H3 coil for 2B for easy comparison. These results are consistent
assembly of the more stable ternary complex. Neverthe- with the hypothesis stated above. Firstly, H3 1 S25, the
less, VAMP should be the preferred binding partner over binding partner of monomeric VAMP, only inhibits well
H3 in either case, implying that the soluble VAMP coil in unprimed cells, suggesting that VAMP is perhaps
should inhibit more effectively than H3 after priming. To complexed after priming. Secondly, a new binding site
our surprise, we found that while VAMP did inhibit that was created by priming bound H3 better than the
slightly more potently after priming, it was the syntaxin H3-SNAP25 binary complex (Figure 2B), consistent with
H3 coil that exhibited a much greater increase in inhibi- its identity being a VAMP-SNAP25 complex.
tion (Figure 1B). This suggests that priming creates a We next examined the effect of adding S25 along with
higher affinity binding site for syntaxin H3 than for VAMP. V2 on inhibition in primed and unprimed cells. Since V2 1
To better understand this process, we examined the S25, together, bind syntaxin with high affinity, they can
effect of priming on the inhibition by the H3 domain be used to probe the availability of the H3 domain of
of syntaxin in more detail. Figure 1C reveals that the endogenous syntaxin. When S25 was added along with
sensitivity of inhibition by the H3 domain increases with V2, there was no significant difference in the inhibition
additional time of priming, consistent with time-depen- obtained in either unprimed or primed cells as compared
dent formation of an H3 binding site. Priming requires to V2 alone (Figures 2C and 2D). Thus, it appears that
MgATP (data not shown), and .1 min at 308C (Figure neither in unprimed nor primed cells is syntaxin freely
1C), but not cytosol (data not shown). The observed available to bind the V2-S25 binary complex. This could
increase in the syntaxin H3 coil sensitivity after priming be due to protection of the syntaxin H3 domain by chap-
was dependent upon the 5 min preincubation (in the erone-like proteins such as n-sec1 (Yang et al., 2000),
absence of ATP) of the cells with H3 at 308C (data not or other regulatory binding proteins. However, syntaxin
shown), demonstrating that H3 associates with its cellu- is unlikely to be irreversibly associated with other SNAREs,
lar binding partner during this preincubation. If the prein- because the data in Figure 1 demonstrates the formation
cubation is omitted and the syntaxin H3 coil inhibitor of a syntaxin binding site upon priming. Taken together,
is added during the stimulation instead, no difference these results appear rather inconsistent with the notion
between the primed and unprimed reactions was ob- that syntaxin and SNAP25 form a binary complex
served. The increased inhibition by H3 (after priming awaiting VAMP during priming. They instead suggest a
and preincubation) was evident not only after 15 min of reversibly formed ternary complex with which syntaxin
stimulation, but at all time-points tested (1 to 30 min; is only loosely associated.
data not shown).
The most straightforward explanation for the above Clostridial Neurotoxin and Antibody Inhibition
result is that (1) syntaxin, VAMP, and SNAP25 reversibly
in Primed versus Unprimed Cells
and loosely assemble during priming, creating higher
We next sought to confirm our hypothesis that a VAMP-
affinity binding sites for both H3 and V2; (2) VAMP and
SNAP25 binary or a loose ternary complex forms duringSNAP25 associate more tightly than syntaxin and SNAP25,
priming by assessing SNARE accessibility to alternativeallowing the exogenous H3 to inhibit more efficiently
inhibitors. Botulinum neurotoxins (BoNT) and tetanusthan V2 in primed cells. If a partial VAMP-SNAP25 com-
neurotoxin (TeNT) inhibit exocytosis by specifically cleav-plex indeed forms during priming, then VAMP should
ing free (but not complexed) syntaxin, SNAP25, or VAMPbe free before priming and in a complex after priming.
(Hayashi et al., 1994; Schiavo et al., 2000). A decreaseTherefore, one would predict that if H3 and SNAP25
in toxin cleavage efficiency after priming may thereforetogether were used as the inhibitor, then they should
be indicative of SNARE-complex formation, or at leastbind better to the free VAMP before priming than to the
SNARE interactions with other proteins. The threecomplexed VAMP after priming. We therefore added
VAMP-cleaving toxins, BoNT/B, BoNT/D, and TeNT, allsoluble full-length SNAP25Dcys (S25; with its four palmi-
inhibited less efficiently in primed than unprimed cellstoylation cysteines mutated to alanine) along with H3
(Figure 3A), supporting the notion that VAMP becomesto inhibit exocytosis. SNAP25Dcys can be more readily
complexed during priming. SNAP25 N terminus (S25N)purified than wild-type SNAP25, yet shows no discernible
is likely also to become complexed because a SNAP25difference in its interaction with other SNAREs in vitro, or
antibody (Cl 71.1), which inhibits exocytosis by bindingin rescue of BoNT/E-treated PC12 cells (Scales et al.,
to S25N and preventing SNARE complex formation (Xu2000). Addition of wild-type SNAP25 or SNAP25Dcys
et al., 1999a), also inhibited less effectively in primedalone has no effect on exocytosis, irrespective of cell
cells (Figure 3B).priming state (data not shown). As predicted, adding H3
However, unexpectedly, the SNAP25-cleaving BoNT/Eand S25 together inhibited exocytosis more effectively
inhibited as effectively in primed cells as in unprimedin unprimed cells than in primed cells (compare “H3 1
cells (Figure 3C), suggesting that the SNAP25 C terminus40 mM S25, UP” in Figure 2A with “H3 1 40 mM S25, P”
does not become fully complexed during priming. Thein Figure 2B). In unprimed cells, H3 1 S25 enhanced
possibility that, unlike S25N, S25C is not involved in thethe inhibition achieved by H3 alone (Figure 2A, compare
initial SNARE assembly is not likely due to the kinetic“H3, UP” and “H3 1 40 mM S25, UP” for example),
whereas in primed cells, H3 1 S25 reduced the inhibition results shown in the next section. We propose, there-
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Figure 2. The Effect on Exocytosis of Adding
SNAP25 Along with the Syntaxin or VAMP2
Coil Domain
(A) 15 or 40 mM of SNAP25Dcys (S25) was
added along with the indicated amounts of
syntaxin H3 domain to unprimed cells. The
mean and S.E. of six data points from two
independent triplicate experiments are shown.
For the 15 mM S25 curve, all data points were
significantly different (paired t test with 5 de-
grees freedom) from the H3 alone UP curve
(p , 0.01), except at 3 and 70 mM. All points
were significantly different between H3 alone
and the 140 mM S25 curve (p , 0.01 for all
except 13 and 22 mM, where p , 0.05).
(B) As in (A), except that H3 and S25 were
added to primed cells. The 15 mM curve dif-
fered significantly from the H3 alone P curve
at all points up to 22 mM (p , 0.01 for all
except 22 mM, where p , 0.05). The 40 mM S25 curve was significantly different to H3 alone at 7, 13, and 22 mM (all p , 0.01).
(C and D) 15 or 40 mM of SNAP25Dcys (S25) was added along with the indicated amount of the V2 domain. (C) unprimed cells, (D) primed
cells. The mean and S.E. of three independent triplicate experiments are shown. Comparing plus and minus S25 showed no statistical
difference with the paired t test at any concentration (8 degrees freedom), with the exception of 13 mM H3 1 40 mM S25 in primed cells (p ,
0.05).
fore, that BoNT/E can still efficiently cleave S25C that
is in a partially assembled SNARE complex. Because
the S25C coil faces the syntaxin H3 coil in the ternary
complex, this would be consistent with our above inter-
pretation that the syntaxin H3 domain might be missing
from, or only loosely associated with, the initial SNARE
complex. Taken together, these results are consistent
with partial SNARE-complex assembly during priming.
Based on these results, we propose the following
model (Figure 4A). In the resting unprimed state (a),
VAMP and SNAP25 are in their monomeric form, while
syntaxin is bound by a chaperone protein, probably
n-sec1. During MgATP and temperature-dependent
priming, VAMP and SNAP25 are brought together, creat-
ing a higher-affinity binding site for the H3 domain of
syntaxin (b). Note that, although drawn in trans to reflect
the predominant localization of SNAP25 at the plasma
membrane, there is no a priori reason why the VAMP-
SNAP25 complex should not be cis, residing on the
vesicle membrane. Because all the reactions prior to
the membrane merger are reversible, perhaps syntaxin
and SNAP25 form a partial complex without VAMP as
well (b9), or all three proteins together reversibly form a
partial complex (c). However, the syntaxin H3 coil bind-
ing is likely the most readily reversible and perhaps only
involves a small region of the H3 domain (c). It is possible
that the syntaxin H3 C terminus is held back by a Ca21
sensor, so that full zippering of the SNARE complex
cannot take place. When Ca21 arrives, the syntaxin H3
domain may be released from the sensor, allowing the
SNARE complex to zipper up (d) toward the C terminus,
resulting in membrane fusion (e). Such an association
of syntaxin with a calcium sensor could perhaps explain
why the syntaxin interaction with the partially assembled
Figure 3. Clostridial Neurotoxin and Antibody Inhibition in Primed complex appears weaker than that of VAMP and SNAP25.
and Unprimed Cells
Recombinant botulinum or tetanus toxin light chains (A) and (C) or Kinetics of S25C-Rescued Exocytosis
a SNAP25-N monoclonal antibody (Cl 71.1) (B) were used at the
We next examined in more detail the role of the C-terminalindicated concentrations to inhibit exocytosis in unprimed (UP, open
coil of SNAP25 in SNARE complex formation in PC12symbols) and primed (P, closed symbols) cells. (A), VAMP-cleaving
toxins; (C), SNAP25-cleaving toxin. cells. We previously showed that S25C rescues exo-
Sequential SNARE Assembly in Exocytosis
165
Figure 4. Proposed Model of SNARE-Mediated Exocytosis
(A) In the resting (unprimed) state (a), VAMP (blue) and SNAP25 (green) are free, but syntaxin (red) is bound by the chaperone protein n-sec1
(orange oval). During MgATP and temperature-dependent priming, VAMP and SNAP25 are brought together and interact reversibly as a
partially zippered complex (b). Proteins that tether the vesicle to the plasma membrane and/or cytoskeleton, and others that likely stabilize
the SNAREs have been omitted for clarity. Syntaxin H3 domain, however, is held back by a Ca21-sensitive protein (purple oval, b), though the
N-terminal portion of H3 might participate in reversible assembly of a loose ternary complex (c). Alternatively, since all steps are dynamic
and reversible prior to membrane merger, a loose partial complex of H3 N terminus with SNAP25 (b9) may precede VAMP2 binding; or all
three proteins could come together simultaneously (c). When Ca21 arrives, the calcium sensor is removed from the syntaxin H3 domain,
allowing the SNARE complex to zipper up towards the membrane proximal C terminus of the bundle (d), resulting in membrane fusion (e).
(B) In BoNT/E-treated PC12 cells, the C-terminal 26 aa of SNAP25 is cleaved off. SNAREs still partially assemble during priming as in (A); the
intermediate steps (b/b9 in A) have been omitted for simplicity. Added recombinant S25C (cyan) replaces the cleaved endogenous S25C coil
and participates in the reversible partial assembly of SNARE complexes with forward- and reverse-rate constants of k1 and k2, respectively
(b to c). After the arrival of Ca21, the further assembly of the SNARE complex containing syntaxin H3 domain and exogenous S25C (c to d)
occurs with forward- and reverse-rate constants of k3 and k4, respectively. The assembled SNARE complex leads irreversibly to membrane
fusion (e) with a fast rate constant k5. Since k5 is much faster than k3 and k4, the backward reaction with the rate constant of k4 is negligible,
whilst the other steps are proposed to be readily reversible based on their accessibility to inhibitors.
cytosis in cracked, BoNT/E-inhibited PC12 cells (Chen I192A [mut#6 in Chen et al., 1999], and R161A [mut#12])
or enhanced rescue (e.g., E183A [mut#17] and D186Aet al., 1999). Mutations to alanine at various positions
along S25C (Figure 5) resulted in reduced (e.g., N188A/ [mut#10]) compared to wild-type S25C. The differential
Figure 5. Structure of the Four-Helix Bundle of the Core SNARE Complex and Positions of the Mutants Used in this Study
Crystal structure of the four-helix bundle as determined by Sutton et al., 1998. The syntaxin coil is in red, VAMP in blue, and SNAP25 N- and
C-terminal coils in green. The 15 hydrophobic interaction layers (in black) are marked from 27 to 18, with the ionic layer (in red) at 0. The
sequence of S25C (aa 142–206) is shown below, with residues contributing to the hydrophobic and ionic layers (a/d residues in heptad repeats)
indicated by bullets. The four mutants used in this study are: R161A, E183A, D186A, and N188A/I182A (d and a residues mutated). The poorly-
rescuing mutants are in blue and the better-than-wild-type mutants are in green.
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rescue by these mutants could be due to either altered
affinity of S25C for the endogenous SNAREs or to a
difference in their ability to convert the partially assem-
bled trans complex into a fully assembled cis complex
(or both). Either would lead to a change in fusion effi-
ciency. We reasoned that these two mechanisms might
be distinguished by comparing the kinetics of rescue
by the mutants to wild-type S25C. Mutations which af-
fect the complex assembly following initial binding
should yield a lower maximum rate of exocytosis,
whereas those that alter the affinity for the endogenous
SNAREs should attain the same maximum rate of exo-
cytosis, but at a different concentration of S25C.
To this end, we followed the time course of release
from cracked, toxin-treated, primed (without S25C dur-
ing priming) PC12 cells in the presence of increasing
concentrations of wild-type S25C or the four mutant
coil domains. All proteins were used immediately after
preparation and concentration, and no aggregation was
observed. Figure 6 shows the time courses obtained
with S25C-WT (Figure 6A), R161A (Figure 6B), E183A
(Figure 6C) and non-BoNT/E-treated cells for compari-
son (the red upper traces). The data points were readily
fitted to single exponential curves and the initial rates
of release were determined. Plotting these initial rates
versus S25C concentration (Figure 7) revealed that at
low S25C concentration, the reaction velocity is propor-
tional to the concentration of S25C. As the concentration
of S25C increases, the increase of the reaction rate
decreases, and at high concentrations, the rate reaches
a plateau (the Vmax) and becomes independent of S25C
concentration.
We model this reaction with a simple kinetic scheme
as follows (Figure 4B; see also Experimental Proce-
dures). Partial assembly of SNARE complexes likely oc-
curs during priming in BoNT/E-treated cells, because
Figure 6. Examples of the Time Course of Rescue with S25CVAMP’s sensitivity to BoNT/B decreased after priming
Rescue reactions were performed as described in Experimental(data not shown). Thus, we propose that S25C partici-
Procedures, using S25C wild-type (WT) or mutants. (A) S25C-WT:pates in this partial assembly with forward- and reverse-
0 mM (green crosses in squares), 20 mM (blue squares), 60 mM (redrate constants of k1 and k2, respectively. Ca21-driven
circles), 100 mM (green triangles), 200 mM (purple diamonds), 300irreversible assembly of the SNARE complex containing
mM (open orange squares), 400 mM (open yellow circles), non-toxin
the H3 domain and S25C (as well as VAMP and S25N) treated cells (open red diamonds). (B) S25C-R161A, same concen-
occurs with forward- and reverse-rate constants of k3 tration key as in (A), plus 500 mM (open blue triangles). (C) S25C-
E183A, as in (B) except 10 mM and 50 mM replaced 20 mM and 60and k4, respectively. Based on previous results (Xu et al.,
mM respectively. The curves were fitted to the data using the equa-1999a), we further suggest that the assembled SNARE
tion: y 5 a · (1 2 e2bx) 1 c.complex fully zippers, leading to membrane fusion, with
a fast rate constant k5. Since k5 is much faster than k3
and k4, the fusion reaction triggered by Ca21 can be thermostability measurements obtained by CD analysis
considered irreversible. The Vmax, or plateau velocity, is of SNARE complexes formed in vitro.
reached when the endogenous SNAREs are saturated The Vmax obtained with wild-type S25C was 12.0% 6
with S25C. It is dependent on the rate constant k3 and 0.9% 3H/min (n 5 6; Table 1), which is very similar to the
the concentration of SNARE machinery to which S25C normal secretion rate achieved in non-BoNT/E-treated
binds (which is constant because the same number of cells (13.3% 6 1.4% 3H/min, n 5 5), suggesting that
cells were used in all reactions) (see Experimental Proce- fusion in our rescue system occurs by the normal path-
dures for derivation). Calculating the concentration at way. Among the four mutants, only the mutant N188A/
which the velocity of the fusion reaction is half the maxi- I192A, with its mutations at “d” and “a” positions in
mal rate yields the apparent affinity of S25C for its bind- the helical heptad repeats, was decreased in the Vmax,
ing site in the cell, “Kassembly” (in mM), under the assump- indicating decreased fusion efficiency of the SNARE
tion that the Ca21-driven irreversible assembly of the complex. This is also the only mutant which results in
SNARE complex is much slower than the disassembly significantly reduced thermal stability in SNARE com-
of the partial complex (k3 ,, k2; see Experimental Proce- plexes formed in vitro (Table 1), suggesting that thermal
dures). Table 1 displays the Kassembly and Vmax calculated stability of the SNARE complex may correlate with the
energy state of the SNARE complex and thus fusionin this way for each of the S25C proteins, along with the
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cracked PC12 cell system, we propose the following:
(1) SNAREs partially and reversibly assemble during
priming, so that full assembly can occur very rapidly
once the cell is triggered; (2) The syntaxin coil is likely
to be less tightly associated than the VAMP and SNAP25
coils and we propose that it is held back by a calcium
sensor until the arrival of the Ca21 trigger; (3) Surface
and core hydrophobic residues of the SNARE complex
play different roles in the assembly process, with only
the hydrophobic ones being important for the maximal
membrane fusion rates, while the surface residues are
important in the initial formation of partially assembled
complexes.
The first two proposals are supported by the following
observations: (1) VAMP-cleaving neurotoxins and anFigure 7. The S25C Mutants All Display Distinct Reaction Kinetics
anti-SNAP25 antibody showed decreased inhibition effi-The initial slopes, V0 (% of total 3H released/min), determined from
ciency after priming, suggesting reduced accessibilitydata such as that shown in Figure 6, were plotted versus S25C
concentration and fitted to the equation y 5 Vmax · x/(x 1 Kassembly) after to these two SNAREs. Note that these inhibitors are
subtraction of background (0 mM S25C) release (see Experimental proteins of relatively large size ($50 kDa) compared to
Procedures for details). n 5 6 for wild-type (WT), and n 5 3 for the the H3 and V2 coils (8–9 kDa). The fact that the toxins
four mutants. Error bars represent the standard error of the mean. are able to inhibit in primed cells also suggests that
trans-SNARE complexes are reversibly, and therefore
likely only partially, zippered after priming, since fully
efficiency (i.e., Vmax). Mutating an arginine at surface “e” zippered complexes resist toxin cleavage (Hayashi et
position (R161A) in the N-terminal portion of S25C dra- al., 1994); (2) Primed cells are more sensitive to inhibition
matically decreased S25C’s affinity for the endogenous by the syntaxin H3 coil, and, to a lesser extent, the
SNAREs, as reflected by the increase in Kassembly, indicat- VAMP2 coil than unprimed cells, suggesting that the
ing a critical role of R161 in initiating complex formation. SNAREs are more free to bind each other or are loosely
By contrast, two other surface mutations, both in the associated after priming. However, the inhibition by H3
C-terminal portion of S25C, D186A, and E183A, signifi- was increased much more dramatically than that by V2
cantly decreased the Kassembly (i.e., increased the affinity after priming, suggesting that endogenous VAMP and
of S25C for the endogenous SNAREs), perhaps sug- SNAP25 preferentially associate during priming in vivo.
gesting a negative role of these two acidic residues in Because the inhibition results obtained with toxins and
the complex formation process. Our results are consis- antibody showed the opposite effects to V2 and H3, it
tent with the idea that charged residues on the surface is unlikely that probe accessibility, such as loss of a
of the SNARE complex are involved in the initiation of diffusion barrier, or an artifact of data normalization is
the interaction between SNAREs and perhaps the regu- the explanation for the enhanced H3 or V2 inhibition; (3)
lation of zippering, while the hydrophobic residues are The experiments using soluble V2 1 S25 or H3 1 S25
responsible for the core interactions needed for the zip- as the inhibitors suggest that, whereas endogenous syn-
pering event itself that leads to the melding of the two taxin is not readily available for exogenous SNARE bind-
membranes. ing regardless of priming, endogenous VAMP becomes
less available for exogenous SNARE binding after prim-
Discussion ing. Perhaps in unprimed cells, n-sec1 binding to syn-
taxin prevents it from forming a core complex with V2 1
In neurons and neuroendocrine cells, exocytosis is S25 (Yang et al., 2000), while VAMP is available to bind
highly regulated, and therefore SNARE-complex forma- H3 1 S25. In primed cells, however, VAMP and syntaxin
tion must also be highly regulated, since this complex both become reversibly complexed with other SNAREs,
formation catalyzes a late step or perhaps the final step making both V2 1 S25 and H3 1 S25 ineffective inhibi-
of the membrane fusion reaction. How is the formation tors. It is also possible that the binding of a calcium
of the SNARE complex regulated in Ca21-triggered exo- sensor to syntaxin after priming prevented strong bind-
ing of V2 1 S25 to syntaxin.cytosis? Based on functional data obtained in our
Table 1. Summary of S25-C Mutations and Kinetic Parameters
SNAP25 C Terminus Mutation Heptad Position Tma (8C) Vmax 6 SEM (percent 3H/min) kassembly 6 SEM (mM)
WT — 94 12.0 6 0.9 176 6 23
N188A/I192A d/a 90 5.2 6 1.4 224 6 83
D186A b—salt bridge to VAMP R66b 95 12.5 6 0.8 115 6 18
R161A e—salt bridge to VAMP E41b 94 17.0 6 4.6 1220 6 430
E183A f 94.5 11.5 6 2.5 65 6 37
a Tm, temperature at which half the core SNARE complexes formed in vitro become unstructured; data obtained by circular dichroism spectros-
copy (data not shown and Chen et al., 1999a).
b Determined from the crystal structure of the core SNARE complex in its fully assembled state (Sutton et al., 1998).
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Taken together, the results presented above are most state of assembly during priming and that this process
is also MgATP- and temperature- dependent. NSF-consistent with the existence of a dynamic, partially
assembled SNARE complex lacking the full syntaxin H3 induced conformational changes are likely important in
the reorganization of the SNARE associations that wedomain. This is consistent with earlier electrophysiologi-
cal data proposing the existence of loose or partially observe. Another intriguing question raised by this work
is whether a syntaxin binding protein like synaptotagminzippered SNARE complexes (Xu et al., 1999a; Hua and
Charlton, 1999). We propose that, in vivo, syntaxin might (Geppert and Su¨dhof, 1998) serves the role of the Ca21-
sensitive fusion clamp? While synaptotagmin interactsbe regulated to fully join the SNARE complex only after
VAMP and SNAP25 partially and reversibly assemble. with the syntaxin H3 domain, the binding affinity is in-
creased, not decreased, by Ca21 in vitro (Chapman etPrevious biochemical studies demonstrated a moderate
affinity (1–1.4 mM) between SNAP25 and VAMP in vitro al., 1995). Further work is required to understand the
role of synaptotagmin in vivo.(Pevsner et al., 1994), and our circular dichroism experi-
ments showed that their binding causes an increase in We modeled the rescue of exocytosis by the S25C
coil with a simple kinetic scheme (Figure 4B). We feelthe observed a-helicity, as previously shown (Fasshauer
et al., 1997; data not shown), suggesting that the VAMP this model is the simplest explanation of the data, and
the predicted curves fit well with the experimental obser-and SNAP25 interaction may occur in vivo, particularly
if stabilized by other proteins. Moreover, as syntaxin is vations. However, this does not prove the model, and
other scenarios are possible. The maximal initial rate ofthe only neuronal SNARE that has a long N-terminal
region beyond the coiled-coil-forming domain, it may fusion achieved by our S25C-rescuing system released
z12% of the total [3H]NE per min, which is 20%–24%be the most suitable for regulation by other proteins,
such as a Ca21 sensor. Unfortunately, due to the high of the entire releasable pool (which is 50%–60% of the
total [3H]NE) per min. Assuming that there are 300propensity of the SNAREs to form unproductive cis com-
plexes in vitro, it is not possible to directly study the [3H]NE-containing releasable granules per cell, then ev-
ery second about one (1–1.2) granule(s) fuses with thenature of the partial or trans-SNARE complexes involved
in the priming and triggering steps of exocytosis by plasma membrane. Due to the limited time resolution in
our system, we were not able to resolve the releasecommon biochemical methods such as immunoprecipi-
tation or SDS-PAGE analysis. during the first minute to finer detail, and thus the exo-
cytic burst observed in chromaffin cells using electro-While our approach has the advantage that it only
concerns functional SNAREs in the cells, the data thus physiological techniques (Xu et al., 1999a) was not evi-
dent in our system. However, using capacitance andobtained only indirectly suggest a model, so we have
attempted to propose various alternative hypotheses. amperometry techniques, PC12 cell exocytosis of dense
core granules has been shown to be about ten timesFor example, SNAP25 could change its conformation
after priming so that its binding affinity to H3 is en- slower than that of adrenal chromaffin cells (Kasai,
1999). Given that the rate of SNARE zippering leadinghanced, while VAMP’s conformation is altered indepen-
dently, perhaps due to its interaction with an as yet to fusion proceeds with a time constant of 30 ms in
chromaffin cells (Xu et al., 1999a), we propose that k5 isunidentified chaperone. However, this hypothesis does
not explain how priming makes SNAREs more available not the rate-limiting step in our experiments. Our kinetic
analysis revealed Vmax and Kassembly, which are determinedto assemble into a core complex. It is also possible
that priming involves the conversion of a four-helical by slower-rate constants k1, k2, and k3. Our rate-limiting
step is proposed to be the transition from a state in2-syntaxin:1-SNAP25 binary complex to a three-helical
1-syntaxin:1-SNAP25 complex. However, while the 1-syn- which syntaxin is outside or very weakly bound to the
SNARE complex to a state with all three SNAREs par-taxin:1-SNAP25 complex could explain the increased
affinity for H3 after priming (reforming a 2-syntaxin: tially zippered (k3).
We do not know how many SNARE complexes are1-SNAP25 complex), it would be expected to have an
equal or even greater affinity for VAMP2, which was required to fuse a single vesicle. In our S25C rescue
assays, we did not observe any cooperativity, whichnot observed. Thus while the model we propose is not
necessarily the only explanation for our results, we feel would be expected if multiple SNARE complexes were
required for the rate-limiting step. However, if the stepit is the most parsimonious. One important assumption
of the study is that the soluble H3 and VAMP2 coils bind that requires multiple SNARE complexes is not rate lim-
iting in our system, any cooperativity would not havespecifically to SNAREs, which seems reasonable given
current knowledge. Note that in these complex pharma- been evident from our data.
Kinetic analysis of the mutant S25Cs showed thatcological experiments involving semi-intact cells, there
are many sources of variability. Thus, each experiment hydrophobic residues at a/d positions affect the Vmax
without significantly affecting the Kassembly, suggestingwas repeated at least six to ten times over a period of
2 years and careful control of the cells, toxins, protein that these residues affect the maximal membrane fusion
efficiency of SNAREs. The buried-core hydrophobic res-preparations, and reagent concentrations led to the rela-
tively small standard errors shown here. We therefore idues likely contribute much of the free-energy change
to form the core complex. Thus, it appears that the low-conclude that our results shed light on the physiologi-
cally relevant SNARE assembly process. energy state of the final cis complex correlates with
the maximal ability of SNAREs to fuse two membraneMany MgATP- and temperature-dependent biochemi-
cal events occur during priming, such as lipid phosphor- bilayers. Interestingly, mutations positioned on the sur-
face of the core complex affect the Kassembly but not theylation (Hay et al., 1995) and NSF-mediated dissociation
of cis-SNARE complexes (Mayer et al., 1996; Xu et al., Vmax. Essentially, these mutants can rescue as well as
the wild-type protein if we simply adjust their concentra-1999b). Here we show that SNARE proteins change their
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released 2 15%)/(70% 2 15%) · 100. Statistical analysis was per-tions. We interpret this to mean that these residues af-
formed using the nondirectional paired t test for correlated samplesfect the association of SNAREs, likely in the early par-
(e.g., H3 in unprimed cells compared to primed cells; or H3 alonetially associated states, without affecting the ability of
compared to H3 1 S25 in unprimed cells), as indicated in the figure
the fully assembled complex to fuse membranes. Per- legends. The figures show the results of experiments performed
haps the hydrophobic residues are held apart in the with the same batches of proteins over a short time period with cells
of similar ages to minimize interexperimental variation. However, wepartially assembled complex, and, therefore, the surface
repeated each of the experiments at least ten times, and the direc-residues play more important roles in the initial stages
tion of the changes between primed and unprimed cells was alwaysof complex assembly. It is worth noticing that the surface
consistent. However, the precise magnitude varied depending onresidue R161 in the N-terminal half of the coil plays a
the batches of cells, proteins, and the time taken to complete the
positive role in SNARE assembly, whereas the 2 surface experiment. This accounts, for example, for the differences in inhibi-
residues, E183 and D186, in the C-terminal half of the tion by VAMP alone between Figures 1B and 2D.
Kinetic Assayscoil both play a negative role, and all 3 residues are
After EGTA extraction and one wash in KGlu/BSA buffer, the cellscharged. These data support the zippering model of
were treated with 30 nM BoNT/E light chain in the presence of 2SNARE-complex assembly.
mM MgATP and z0.35 mg/ml rat brain cytosol for 6–10 min at 308C.In summary, our study represents a step forward in
Cells were then washed three times in KGlu/BSA buffer prior to
elucidating how SNAREs sequentially assemble and rescue. They were first primed with 2.6 mM MgATP and z0.65 mg/
drive membrane fusion in a physiological context. Our ml cytosol for 15 min at 308C in the absence of S25C. They were
then chilled for 3 min and immediately aliquoted into ice-cold poolresults are not fully consistent with the current hypothe-
tubes containing the indicated amounts of S25C (0–500 mM), z1sis that VAMP joins a syntaxin-SNAP25 complex. In-
mM-free calcium, plus extra MgATP and cytosol to reach the finalstead, they are more consistent with the hypothesis
concentrations of a typical release reaction. These pools were thenthat the syntaxin H3 domain is regulated to fully join a
split into six equal aliquots and left on ice (0 min) or incubated at
partially assembled SNARE complex to trigger fusion. 308C for 3, 6, 12, 20 or 30 min prior to chilling, centrifugation and
Regulation of an assembly process as described here scintillation counting as above.
may be a mechanism of modulating secretory processes
Recombinant Proteinsthat underlie changes in synaptic strength. The involve-
S25C (aa 142–206 of mouse SNAP25) wild-type and mutant proteins,ment of regulatory proteins in SNARE complex assembly
rat syntaxin 1a H3 domain (aa 191–266), rat VAMP2 coil domain (aais an area for future study.
25–94), mouse SNAP25Dcys (aa 1–206, with cysteines 85, 88, 90
and 92 mutated to alanine), and his-tagged botulinum and tetanus
Experimental Procedures neurotoxin light chains (kindly provided by Heiner Niemann) were
produced and analyzed as previously described (Scales et al., 2000).
Cracked Cell Assays
General Procedures Kinetic Analysis
PC12 cells were maintained, loaded with [3H]-norepinephrine, The percentage of 3H-norepinephrine release was calculated and
cracked (mechanically permeabilized), EGTA extracted, and washed plotted versus time for each concentration of each S25C used,
as previously described (Hay and Martin, 1992; Chen et al., 1999). with DeltaGraph 4.0.5 software. The data points were fitted with
A typical release reaction contains z106 cells, 2 mM MgATP, z0.7 exponential curves given by y 5 a · (1 2 e2bx) 1 c (r2 is typically
mg/ml rat brain cytosol, and 1.6 mM total Ca21 (1 mM free Ca21, 0.99–0.999). The initial rate of release (initial slope of each time
measured by fura-2 fluorescence) in total of 200 ml KGlu buffer. Re- course curve),V0, is the product of a and b. The V0 value in the
lease reactions were initiated by warming to 308C, and terminated absence of S25C (0 mM) represents the background leakage and
by chilling on ice. [3H]NE secretion was measured by centrifuging so was subtracted from the V0 values for each concentration of
the cells for 30 min at 2500 3 g at 48C and calculating the percentage S25C. V0 (minus background) was then plotted versus S25C concen-
of total radioactivity in the supernatant after scintillation counting. tration (x) and the data was found to fit well to the equation y 5
Inhibition Assays Vmax · x/(x 1 Kassembly). For the data shown, six independent experi-
After EGTA extraction and one wash in KGlu/0.1% BSA buffer, the ments were carried out for wild-type S25C and three for each of
cells were either left unprimed (incubated in KGlu/BSA on ice), or the S25C mutants. Data points at each S25C concentration were
primed by incubation in KGlu/BSA with 2 mM MgATP and z0.7 mg/ averaged across these experiments. The mean value and standard
ml rat brain cytosol at 308C for 15 min. Where indicated, the duration error at each S25C concentration for each protein are shown in
and the components of the priming reaction were modified. Both Figure 7. Curve fitting was carried out using the mean values. The
sets of cells were washed twice at 08C–48C in KGlu/BSA and z106 Vmax and Kassembly values predicted from each experiment were aver-
cells were incubated with the specified inhibitors (e.g., the syntaxin aged to give the mean and standard error in Table 1.
H3 domain, BoNT/E etc.) in 100 ml KGlu buffer for 5 min at 308C. Following the scheme in Figure 4B, the derivation of Kassembly and
After chilling to 08C, 100 ml of MgATP, cytosol, and Ca21 in KGlu Vmax are as follows: at equilibrium, the rate of formation of partial
buffer was added to each reaction to reach final concentrations of SNARE complexes (state c in Figure 4B) equals the rate of their dis-
2 mM MgATP, z0.7 mg/ml cytosol, and z1 mM free Ca21 and incu- assembly (state c to b) plus further assembly (from state c to d), so
bated for 15 min at 308C. The final concentration of inhibitor is
k1 · [S25C] · [unassembled SNAREs in cells] 5therefore halved, although the initial concentrations were plotted.
MgATP was added to the release reaction so that unprimed cells (k2 1 k3) · [partial complex].could achieve a similar level of release at the end of the 15 min
incubation. However, as unprimed cells typically release 5%–10% Furthermore, since [unassembled SNAREs] 5 [total available
SNAREs] 2 [partial complex], this meansless [3H]NE compared to primed cells, data normalization was nec-
essary. This did not affect the relative magnitudes of any of the
k1 · [S25C] · ([total available SNAREs] - [partial complex]) 5observed changes and in the cases where no normalization was
needed, similar results to those in Figures 1–3 were obtained. (k2 1 k3) · [partial complex]
Normalization of the data to percentage of maximal release was
Solving [partial complex] and substituting the rate of fusion as v 5carried out as follows. For each set of cells, the amount of release
k3 · [partial complex], we obtainin the absence of any inhibitor (e.g., 70% of total 3H) was set to
100%; and the background release in the absence of any inhibitor, v 5 k3 · [total available SNAREs] · [S25C]/([S25C] 1 (k2 1 k3)/k1).
MgATP, cytosol, or Ca21 (e.g., 15%) was set to 0%. The normalized
percentage (plotted as % of maximum) is therefore (% of total 3H When [S25C] is very high, [S25C]/([S25C] 1 (k2 1 k3)/k1) ap-
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proaches 1 and v approaches Vmax. Therefore Vmax 5 k3 · [total avail- cytosis: implications of kinetic diversity for secretory function.
Trends Neurosci. 22, 88–93.able SNAREs].
Lin, R.C., and Scheller, R.H. (1997). Structural organization of theThus, v 5 Vmax · [S25C]/([S25C] 1 (k2 1 k3)/k1). synaptic exocytosis core complex. Neuron 19, 1087–1094.
When v 5 Vmax/2, [S25C] 5 (k2 1 k3)/k1. Mayer, A., Wickner, W., and Haas, A. (1996). Sec18p (NSF)-driven
release of Sec17p (a-SNAP) can precede docking and fusion of
We denote this S25C concentration as Kassembly. Assuming k3 ,, yeast vacuoles. Cell 85, 83–94.
k2, Kassembly 5 k2/k1, which defines the affinity of S25C for the cellular
Nicholson, K.L., Munson, M., Miller, R.B., Filip, T.J., Fairman, R.,SNAREs. We consider this a reasonable assumption for two reasons.
and Hughson, F.M. (1998). Regulation of SNARE complex assemblyFirst, as the forward k3 step likely involves conformational change
by an N-terminal domain of the t-SNARE Sso1p. Nature Struct. Biol.of the Ca21 sensor and its subsequent dissociation from the SNARE
5, 793–802.complex, it is likely to be slower than S25C binding/dissociation.
Pevsner, J., Hsu, S.-C., Braun, J.E., Calakos, N., Ting, A.E., Bennett,Second, we observed that high concentrations (100s of mM) of S25C
M.K., and Scheller, R.H. (1994). Specificity and regulation of a synap-are required to reach saturation, consistent with dissociation of
tic vesicle docking complex. Neuron 13, 353–361.S25C being rapid (i.e., k2 being large).
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